. Purpose: To determine the time-varying associations between 1) decreased handgrip strength and disabilities in each activity of daily living (ADL) function, and 2) disaggregated ADL limitations and time to mortality in older adults. Methods: A United States nationally representative sample of 17,747 older adults from the Health and Retirement Study were followed up for 8 yr. Maximal handgrip strength was measured with a hand-held dynamometer. Ability to perform ADL was self-reported. Date of death was identified by the National Death Index and exit interviews. Separate covariate-adjusted hierarchical logit models were used to examine the time-varying associations between decreased handgrip strength and each ADL outcome. Distinct covariate-adjusted Cox models were used to analyze the time-varying associations between disaggregated ADL limitations and time to mortality. Results: Every 5-kg decrease in handgrip strength was associated with increased odds for the following ADL limitations: 20% for eating, 14% for walking, 14% for bathing, 9% for dressing, 8% for transferring, and 6% for toileting. The presence of a bathing, walking, toileting, eating, and dressing ADL disability was associated with a 47%, 43%, 32%, 30%, and 19% higher hazard for mortality, respectively. A transferring ADL disability was not significantly associated with mortality. Conclusions: Decreased handgrip strength was associated with increased odds for each ADL limitation, and in turn, most individual ADL impairments were associated with a higher hazard for mortality in older adults. These findings provide insights into the disabling process by identifying which ADL limitations are most impacted by decreased handgrip strength and the subsequent time to mortality for each ADL disability.
A ge-related declines in muscle mass and strength occurs in older adults, even in those that are relatively healthy and weight stable (1) . Handgrip strength is a simple and inexpensive, clinically viable screening tool for estimating overall muscle strength, and robust biomarker of aging (2) . Previous longitudinal investigations have revealed that low handgrip strength is associated with the incidence of an activities of daily living (ADL) disability and all-cause mortality in older adults (3, 4) . Handgrip strength has been shown to be associated with several other clinically relevant health outcomes and is therefore an important health factor when evaluating the disabling process (5) .
Questionnaires regarding ADL are often used to determine functional status in older adults. Respondents who have difficulty or are unable to perform one or more ADL have an ADL disability. The prevalence of a limitation is higher for some individual ADL than others; however, a disability in any of the ADL is associated with an elevated risk of mortality (6, 7) . Using traditional definitions of ADL disability may not provide the necessary details for understanding how different health factors are associated with each ADL function, and subsequent health outcomes. For example, older adults with cognitive impairments often experience limitations with bathing, and the presence of a bathing ADL impairment is associated with incident nursing home placement (8, 9) . Therefore, it is possible that certain health factors may differentially impact disabilities in individual ADL tasks, which, in turn, affects future health outcomes.
Cross-sectional and some longitudinal study designs may not account for the changes in handgrip strength that occur throughout the life course, nor do they capture the mutable nature or fluidity of ADL functions (10, 11) . For example, longitudinal investigations with repeated measures will often include participants_ handgrip strength and exclude those with any ADL limitation at baseline when determining the association between handgrip strength and time to incident ADL disability. However, incorporating longitudinal study designs when examining the association between handgrip strength and ADL functions, with the use of time-varying covariates, provides a deeper understanding for how changes in handgrip strength and functional status change over time. Acknowledging such fluctuations in handgrip strength and functional status may influence how handgrip strength, ADL, and clinically relevant health outcomes are connected.
More research is needed for investigating the links between functional disabilities and mortality in older adults (12) . The preservation of muscle strength is considered to be an important factor for slowing the disabling process. Understanding how handgrip strength affects the capacity of individual ADL, and the subsequent time to mortality for specific ADL impairments using a longitudinal, time-varying approach, may provide insights into the disabling process. Such information could be used to inform interventions designed to preserve function and delay mortality (13) . Accordingly, the purposes of this study were to determine the time-varying associations between 1) decreased handgrip strength and disabilities in individual ADL tasks and 2) disaggregated ADL limitations and time to mortality in older adults.
METHODS

Participants
Data from the Health and Retirement Study (HRS) were used. Cleaned and standardized RAND HRS data were joined with other necessary data components from the HRS files. The HRS is designed to monitor the health and financial status of aging Americans and provides data for a nationally representative sample of community-dwelling adults older than 50 yr, including surveys from approximately 23,000 households (14) . Since 1992, HRS participants have been reinterviewed biannually. The HRS follows respondents longitudinally until death, and new cohorts have been added to the original sample to maintain national representation of the survey over time. A multistage probability design is used by the HRS, including geographical stratification and oversampling of certain demographic groups (blacks and Hispanics). Sample weights are provided to account for the multistage, area probability design, and they were used in the analyses. Details for the HRS are described elsewhere (15) .
Individuals who participated in the 2006 wave of the HRS were included and followed for 8 yr (2008, 2010, 2012 , and 2014 waves). Since the 2006 wave, the HRS has used a mixed-mode design for follow-up, wherein half of the sample completes enhanced face-to-face interviews with physical and biological measures, and a psychosocial questionnaire. The other half only completes the core interview, typically by telephone (14) . Therefore, the half-samples alternate completion of enhanced interviews at each wave to minimize participant burden and costs. Interview response rates for each wave of the HRS are 980%. Proxy respondents are conducted for those who are unwilling or unable to complete interviews themselves. Approximately 9% of proxy interviews occur at each wave.
Each participant from the HRS provided written informed consent and the HRS protocols were approved by the University of Michigan Behavioral Sciences Committee Institutional Review Board. Data used in these analyses contained no direct identifiers, thereby ensuring participant anonymity.
Measures
Descriptive variables. Participants self-reported their height and weight at each wave. Body mass index (BMI) was calculated as weight in kilograms divided by height in meterssquared. Race and ethnicity (White, Black, Hispanic), age, and sex were also reported.
Handgrip strength. A Smedley spring-type hand-held dynamometer (Scandidact, Denmark) was used to assess handgrip strength. After adjusting the dynamometer to fit the hand size of each participant, a practice trial was performed in the standing position with the arm at the side and elbow flexed at a 90-angle. If a participant was unable to stand or hold the dynamometer, the measurement was performed in the seated position with the upper arm resting on an object for support. Starting on the nondominant hand, participants squeezed the dynamometer with maximal effort, and then let go. Participants performed two measurements with each hand, alternating between hands. If only one hand could be used for the handgrip strength assessment, participants waited 30 s between measurements (16) . The highest handgrip strength measurement was included in the analyses. Those who had surgery, swelling, inflammation, severe pain, or an injury in both hands did not engage in handgrip strength testing. Handgrip strength assessments were a part of the enhanced face-to-face interviews. Cognition. At each wave, cognitive function was evaluated with an array of tests that were modified from the Telephone Interview of Cognitive Status, a validated cognitive screening instrument from the Mini-Mental State Examination that was designed for population based studies (17) . For self-respondents younger than 65 yr, a 27-point composite measure that included immediate and delayed word recall from a list of 10 words (0-20 points), serial sevens subtraction test starting from 100 (0-5 points), and counting backward as quickly as possible for 10 continuous numbers beginning with the number 20 (0-2 points). Those with scores of six or less were considered severely cognitive impaired (18) .
Cognitive function for self-respondents age at least 65 yr was assessed with a 35-point scale. The additional assessments that were included on the 35-point scale were mental status questions that included object naming (0-2 points), date naming (0-4 points), and correct identification of the current president and vice president of the United States (0-2 points). Participants with scores of seven or less were considered severely cognitive impaired (19) .
Those represented by a proxy had their cognitive function assessed with an 11-point scale. The proxy_s assessment of the respondent_s memory had responses ranging from excellent to poor (0-4 points), limitations in five instrumental ADL (managing money, taking medication, preparing hot meals, using a telephone, and shopping for groceries; 0-5 points), and the survey interviewer_s evaluation of if the respondent had difficulty completing the interview due to a cognitive impairment (none, some, and prevents completion; 0-2 points). Individuals with scores of at least six were considered as having a severe cognitive impairment (18) .
Morbidity. Participants reported if a doctor had ever diagnosed them with high blood pressure or hypertension, diabetes or high blood sugar, cancer or a malignant tumor (excluding minor skin cancer), lung disease (e.g., bronchitis or emphysema), a heart condition (e.g., coronary heart disease, angina, congestive heart failure), stroke, emotional or psychiatric problems, and arthritis or rheumatism. At each wave, the number of affirmative diagnoses for each health condition was included in the analyses.
Cigarette smoking. Separate single-item indicators of cigarette smoking were measured at each wave. Participants reported if they were currently smoking cigarettes (yes, no). Likewise, participants told interviewers if they have ever smoked over 100 cigarettes in their lifetime (yes, no).
Depression. An eight-item Center for Epidemiologic Studies Depression (CES-D) scale was used to assess mental health at each wave. The eight-item version of the CES-D scale used in the HRS has an equivalent reliability and validity to the 20-item CES-D scale (20) . Participants indicated whether any of the negative (was depressed, everything was an effort, sleep was restless, felt lonely, felt sad, and could not get going) or positive indicators (was happy, enjoyed life; reverse scored) for depressive symptoms occurred in the week before the interview date. Scores ranged from zero-to-eight with higher scores indicating more depressive symptoms. The continuous score was used in the analyses.
Self-rated health status. A single-item measure of self-rated health was taken at each wave. Participants were asked to assess their health as excellent, very good, good, fair, or poor. The categorical score was used in the analyses.
Activities of daily living. Participants self-reported their ability to perform six ADL at each wave: dressing, eating, transferring in or out of bed, toileting, bathing, and walking across a room. Those indicating difficulty or an inability to perform an ADL were considered disabled for that particular ADL function.
Mortality. Date of death was monitored through linkage to the National Death Index. Approximately 93% of exit interviews were conducted with a surviving spouse, child, or other informant to collect information about medical expenditures, family interactions, outlook of assets after death, and other circumstances that may have occurred toward the end of life (14) .
Statistical Analysis
Separate hierarchical logistic regression models were used to examine the time-varying associations between decreased handgrip strength and disabilities in each ADL function after adjusting for age, sex, race and ethnicity, BMI, cognitive impairment, morbidity, CES-D score, current smoking status, smoking history, and self-rated health. Participants were nested within waves with a random residual and unstructured covariance. A between-and within-participant degrees of freedom was used.
Distinct Cox proportional hazard regression models were used to assess the time-varying associations between disaggregated ADL limitations and time to mortality after adjusting for handgrip strength, age, sex, race and ethnicity, BMI, cognitive impairment, morbidity, CES-D score, current smoking status, smoking history, and self-rated health. The number of days since entering the study until death or date of last interview was the time variable, and date of birth was the entry variable. Participants were censored if they had not died by the 2014 wave, or if they were lost to follow-up and their death status could not be ascertained. A flowchart for those included in this investigation is presented in Figure 1 . Procedures were used to account for the complex sampling design of the HRS (proc surveyphreg). Analyses were performed with SAS 9.4 software (Cary, NC) and an alpha level of 0.05 was used.
RESULTS
Of the 18,469 participants in the 2006 wave, exclusions occurred for unknown death dates (n = 14) and one or more missing covariates at all five waves (n = 708). After exclusions, there were 17,747 participants included (96.1%) and their descriptive characteristics are shown in Table 1 . A Sankey bar chart (21) is presented in Figure 2 to illustrate how the number of ADL limitations fluctuated across waves for those with at least one ADL impairment. Although participants may have had improvements, persistence, or declines in their function over time, overall participants experienced increases in ADL limitations as they age. For example, of the participants that had at least one ADL limitation, 41% had a single impairment and 3% were disabled in all six ADL functions for the 2006 wave; whereas, 16% had a single impairment and 12% were disabled in all six ADL functions for the 2014 wave.
The results for the time-varying associations between handgrip strength and each ADL outcome are displayed in Table 2 . Every 5-kg decrease in handgrip strength was associated with the following odds ratios (OR) for each ADL limitation: 1.20 (95% confidence intervals [CI], 1.14-1.26) for eating, 1.14 (95% CI, 1.12-1.19) for walking, 1.14 (95% CI, 1.12-1.19) for bathing, 1.09 (95% CI, 1.07-1.11) for dressing, 1.08 (95% CI, 1.06-1.12) for transferring, and 1.06 (95% CI, 1.04-1.08) for toileting. 
DISCUSSION
The principal results of this investigation demonstrate that handgrip strength was robustly associated with individual ADL outcomes, and most ADL limitations were also strongly associated with time to mortality. Specifically, decreased handgrip strength was associated with increased odds of developing an ADL disability in each function, with the greatest odds for eating, walking, and bathing tasks. Disabilities in nearly all ADL functions were associated with a higher hazard for mortality, although the highest hazard ratios were seen in those with a bathing, walking, and toileting limitation. These results provide insights into the disabling process by revealing how handgrip strength differentially influences each ADL outcome, and in turn, how the presence of individual ADL limitations impacts time to mortality. The variation across OR for the association between handgrip strength and each ADL outcome suggests that muscle weakness may contribute to the development of an ADL limitation for some functions more than others. For example, individuals who had an eating limitation may have been frail from being underweight and malnourished (22) . This likely explains why increased BMI was also associated with decreased odds for developing an eating ADL limitation. Similarly, our results suggesting decreased handgrip strength increased the odds of a walking ADL limitation may be explained by how muscle weakness contributes to slow walking speed, which subsequently increases the risk of future movement disabilities including walking (23) . Chronic pain is also a known contributor to muscle weakness and the presence of pain may create instability during walking, thereby increasing the risk for walking limitations (24) . Although individual ADL are typically aggregated when assessing functional status in older adults, it is important to acknowledge the subtasks and spectrum of physical and psychological problems that may contribute to each functional disability. For example, while our results suggests decreased handgrip strength was associated with increased odds of developing an ADL limitation across tasks, other health domains such as cognition, body function and structure, and environmental factors may also contribute to the development of functional disabilities (25) . Bathing limitations could be driven by sensory impairments or physical declines related to dementia; whereas, poor mobility and the presence of multiple ADL limitations may factor into the development of a toileting limitation (26, 27) .
Our results are compatible with the results of another investigation suggesting depressive symptoms are connected to transferring and dressing limitations (28) . Therefore, although decreased handgrip strength may increase a person_s odds for developing a functional limitation, a variety of health factors each differentially contribute to the development of specific ADL limitations and several factors may be linked.
Given that different health factors influence the development of an ADL limitation, the presence of a limitation in specific ADL functions may also differentially influence health outcomes such as time to mortality. Previous research has demonstrated that the presence of an ADL disability increases the risk for premature mortality in older adults (6); however, we found that individual ADL limitations were differentially associated with an increased risk for early mortality, except for transferring impairments. Our results were similar to an investigation of older adults from the HRS, wherein a bathing ADL limitation was associated with nursing home placement (8) . The intense psychological distress from needing help with bathing, along with the high levels of assistance required from others to bathe, may explain why having a bathing ADL limitation represents the later stages of the disabling process (29) . Our results were also similar to another investigation that revealed older adults who had difficulty or were unable to walk a quartermile had greater odds for mortality compared to those that had no difficulty with walking (30) . Using holistic framework that considers mobility determinants and life-space locations may improve assessments and treatments of mobility for older adults (31) .
Having difficulty or being unable to eat may accelerate the disabling process via malnutrition in those with an eating ADL limitation. The increased risk for urinary tract infections in older adults that experience incontinence may explain why the hazard for mortality was higher for those with a toileting ADL disability, even after controlling for cognitive impairments (32) . Dressing oneself involves a series of motor (e.g., reach, grab, lift clothing) and process skills (e.g., locate clothes and dress in a proper order), and losing these skills may exacerbate time to mortality if a person has a dressing ADL disability (33) . The nonsignificant hazard ratio for mortality seen in persons with transferring ADL limitations may be explained by a person_s ability to regain function after rehabilitation when a health event occurred that created difficulties in the transferring ADL function (34) .
Interventions that aim to preserve function and prolong survival in older adults should acknowledge how different health factors influence individual ADL outcomes, and how the presence of certain ADL limitations accelerates time to Some limitations should be noted. Self-reported physical activity participation was not included in our models because the questionnaire used to assess physical activity in the HRS has not been well validated. Although treating morbidity as the summation of diseases reported by participants at each wave allowed us to control for several diseases and avoid issues related to multicollinearity across diseases, doing so did not allow us to identify how specific diseases were associated with the development of an ADL limitation and time to mortality. Handgrip strength data for the 2016 wave has not yet been released and therefore could not be concatenated with the 2014 wave. Additionally, we did not have complete data for all participants at each wave. Participants were followed starting at the 2006 wave of the HRS, but if they were missing covariate information for a given wave, they were excluded from the models for that wave. This was taken into account when calculating the time variable for our Cox models. Detailed missing covariate information is presented in Appendix 1 (Supplemental Digital Content 1; The Amount of Missing Observations at Each Wave, http://links.lww.com/MSS/B312).
Despite these limitations, our study provides insights into the disabling process by providing time-varying information for how handgrip strength is associated with each ADL task, and how the presence of a specific ADL limitation is associated with time to mortality. This is important considering that the number of older adults in the United States is projected to increase by approximately 112% by the year 2060 (40) . Future investigations should continue examining the time-varying associations between handgrip strength, function, and clinically relevant health outcomes in older adults. The use of more causal study designs (e.g., matching) will also help with unraveling the disabling process.
In conclusion, decreased handgrip strength was associated with increased odds of developing an ADL disability for each task, and in turn, most ADL limitations were associated with a higher hazard for mortality in older adults. These findings provide insights into the disabling process by identifying how decreased handgrip strength influences each ADL, and how the presence of certain ADL limitations increases the risk for mortality. Our results suggest that refining and developing interventions that aim to preserve function and delay mortality for older adults take a multidisciplinary approach, in that several aspects of health (e.g., physical, mental, cognitive) are addressed. Such intervention approaches may help older adults retain function and live longer lives.
